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 Polymer gels are one of the soft materials that are familiar in our life. For 
example, jellies and agars are typical polymer gels.1-3 Polymer gels are the 
polymer networks swollen by a considerable amount of solvent and that have 
unique natures. Gels possess a high water retentivity as well as an water 
absorption capability, i.e., the absorbed water is not easily expelled from the gels 
compared with sponges. The high solvent-absorption ability of dried gels is 
applied to sanitary napkins and diapers.4-6 The water retentivity of gels is applied 
in the field of agriculture.7,8 Some polymer gels behave as stimuli responsive 
materials. These gels largely vary the volume in response to external stimulus, 
such as the changes in temperature, pH and solvent composition. These gels are 
expected as intelligent materials owing to the unique stimulus-response behavior, 
and they are used in various areas, for example, drug delivery system (DDS),9-11 
gel actuators12 and so on. See in our body, biological gels13-15 can be found 
throughout our body. 
 Polymer gels consist of three-dimensional polymer networks and 
solvent.16, 17 Polymer gels can be classified into some types according to solvent 
types. The gels swollen by organic solvent (for instance methanol, hexane and 
acetone) or water are called organogels or hydrogels, respectively. The gels with 
no solvent, namely dried polymer networks, called xerogels. The gels can also 
be categorized on the basis of the types of cross-links: One is physical gel whose 
cross-links are made by noncovalent bands, typically ionic bonds, hydrogen 
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bonds and microcrystallites. The other is chemical gel whose cross-links are 
covalent bonds. The structure of the physical cross-links formed by 
intermolecular interactions would be affected by various environmental factors 
such as temperature, quality of solvent and applied stresses. In contrast, the 
covalent bonds are stable unless the degradations occur or excessive stress is 
applied. Recently, the gel called slide-ring gel with new type of cross-links has 
been reported.18-21 The cross-links of the slide-ring gel are mobile because they 
are designed as a figure of eight and the main linear chains pass through the 
rings of the cross-links. The both ends of the main chains have a bulky structure 
to prevent the chains from escaping from the rings. The numerous combinations 
of the solvent and network as well as the several types of cross-links lead to a 
wide variety of gels. This extends the possibility and application of the gels. 
 Swelling of polymer gels in solvent is affected by a change of the 
external factors such as temperature, pH of solvent. The swelling equilibrium is 
achieved by the balance of the chemical potentials of the solvents inside and 
outside the gel. The thermodynamics of the swelling of polymer networks in 
solvents has been described by extending that of the mixing of uncrosslinked 
polymers and solvents.16 The polymer networks with infinite molecular weight 
exhibit the rubber elasticity, and it significantly contributes to the free energy of 
the systems. When the neutral networks with no ionic groups are soaked in 
solvent, the change of Gibbs free energy (∆G) is written as the sum of a 
contribution of the mixing of the polymer network and the solvent (∆Gm) and a 
contribution of the elasticity of the network (∆Ge).16, 22-24  
 em GGG ∆+∆=∆      (1.1) 
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For polymer networks with ionic groups, the effect of the ionic interaction must 
also be taken into account. The energy of mixing ∆Gm is calculated on the basis 
of the lattice model, and the energy of elasticity ∆Ge is described by the theory 
of the rubber elasticity. These are written as 
 ( )[ ]φφ χTknG +−=∆ 1lnBSm    (1.2) 
 ( ) ( )αα ln123 2BCe −−=∆ TkNG    (1.3) 
where nS, kB, T and NC represent the number of solvent molecules, Boltzmann 
constant, temperature and the number of the effective elastic chain, respectively. 
The quantities φ and α depict the volume fraction of polymer network and the 
principal ratio of the network, respectively, and they are related as α  = (φ0 / φ)1/3 
=(V / V0)1/3, where V represents the volume of the polymer gel and the subscript 
“0” means the initial state before swelling. The quantity χ stands for the mixing 
interaction parameter between solvent and polymer network, and it is a measure 
of the quality of the solvent for the network. By rewriting Equations (1.1-1.3), 
we can regard the equilibrium as the balance of the two types of osmotic 
pressure, i.e. a pressure caused by mixing of the solvent and polymer networks 
(∆Πm) and that by the elastic force of the networks (∆Πe):16, 22-24 
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where vS stands for the volume of the solvent molecule. Swelling behavior of the 
polymer gel affected by external stimuli can be explained as follows: A external 
stimulus imposed on the equilibrium swollen gel results in an additional finite 
osmotic pressure (∆Π ≠ 0). It causes a shift of the swelling equilibrium, and φ 
increase or decrease until ∆Π = 0 is achieved.  
 It is well known that some polymer gels undergo the volume phase 
transition.22-29 The volume phase transition is the phenomena that polymer gels 
show the discontinuous volume changes in response to the infinitesimal 
variation of the external factors such as pH, temperature or composition of the 
solvent. This phenomena was firstly found by Tanaka et al. in the experiments 
for polyacrylamide (PAAm) gels in acetone / water mixed solvents.22 The gels 
underwent a collapse with increasing the acetone concentration or decreasing 
temperature. They discussed the volume phase transition on the basis of the 
Flory’s formula, namely by using Equations (1.1-1.6). The volume phase 
transitions of various polymer gels have been demonstrated, and it has been 
revealed that the volume phase transition often occurs for the ionic polymer 
networks.25, 26 
 Poly(N-isopropylacrylamide) (PNIPA) hydrogels and its derivatives with 
hydrophobic groups in the networks have been investigated as non-ionic 
polymer hydrogels that undergoes discontinuous volume change in response to 
infinitesimal change of temperature.23, 24 The transition temperature (Ttr) of the 
gels is around 33 oC. Below Ttr the gel is swollen by a lot amount of water and 
above Ttr the gels collapse. This is opposite to the behavior of PAAm gels in 
mixed solvents: The PAAm gel is swollen at high temperatures and collapsed at 
low temperatures. This is attributed to the state of water that forms an ordered 
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structure near the hydrophobic chains.27 The ordered structure of water covers 
the hydrophobic chains to stabilize these chains that can not be dissolved in 
water. Increasing temperature causes destruction of the protecting structure and 
the hydrophobic chains are aggregated each other. In this process, the increase in 
entropy by randomized water molecules and the decrease in entropy by the 
aggregation of the chains occur simultaneously. The total entropy increases 
because the increase of the entropy exceeds the decrease. This is the mechanism 
of the volume phase transition of PNIPA hydrogels in pure water and is called 
hydrophobic interaction. The volume phase transitions of both ionic and 
non-ionic polymer gels attract much attentions, and the ability of the large 
volume change in response to external stimuli is applied to various fields.  
 Swelling and deswelling kinetics of polymer gels have also been 
investigated by many researchers.30-39 Various kinetic models have been 
proposed. In case of the swelling dynamics measurements for dried glassy 
samples, swelling as well as plasticization of the samples simultaneously occurs. 
Thus some glassy gels show complicated swelling dynamics.37-39 In the swelling 
dynamics of the rubbers and sufficiently swollen gels, the swelling mechanism 
is entirely attributed to collective diffusion of polymer networks. Tanaka et al.30 
proposed the diffusion equation of the spherical gels on the basis of the equation 
of motion of polymer network swollen in solvent. The solution was a 
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where r∞ and D stands for equilibrium radius of spherical gel and the diffusion 
constant, and K, G and f represent osmotic bulk modulus, shear modulus and 
frictional coefficient between solvent and polymer network. Equation (1.7) 
indicates that the characteristic time of the swelling greatly depends on the 
dimensions of the gel, i.e., proportional to the square of r∞. The swelling 
experiments using the spherical gels confirmed the validity of the theory. The 
kinetic theory was extended for long cylindrical gels and large disk gels with 
shape anisotropy.33 The theoretical predictions agreed well with the experimental 
results. The swelling kinetics of polymer gels is very important in the 
application of polymer gels. 
 Frictional coefficient f between the polymer networks and the solvent is 
one of the important parameters that determine the swelling kinetics as shown in 
Equation (1.8). The physical meaning of f is evident, but the measurements of f 
have been reported in only a few literatures due to the experimental 
difficulty.40-42 Tokita et al.40 successfully measured f of transparent PAAm 
hydrogels by solvent permeation through the gels, and they reported that f 
depends on the polymer concentration C as f ∝ C1.5. They also found that f for 
opaque polyacrilamide gels with a inhomogeneous structure due to the high 
cross-link density is far smaller than that of transparent gels.41 In another solvent 
permeation experiments,42 it has been reported that the volume change of 
polymer gels is induced by solvent flow. Polymer gels are expected as materials 
with separability of mixtures. In the separation technique using permeation 
through polymer gels, f is one of the most important parameter because the 
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permeation of the solvent and the dissolved substances would be controlled by f. 
Thus the studies of the solvent permeation behavior are useful for a separation 
technique. However, the permeation behavior of the mixed solvents through gels 
has not been reported even though the system is simple. The experimental 
characterizations of the solvent permeation through gels are needed as a basis 
for the applications to the separation technique.  
 Swollen polymer gels possess a rubber elasticity. The gels can be largely 
deformed by small forces, and the deformation is reversible when repeating the 
cycle of loading and unloading. This nature of polymer gels is applied to 
mechanical devices such as actuators and artificial muscles. It should be noted 
that the imposed deformation considerably affects the degree of the swelling. 
The studies of swelling behavior of polymer gels under deformation are very 
important for these applications. The swelling behavior of deformed gels has 
been experimentally and theoretically investigated.43-49 When a stress or strain is 
applied to a gel in the equilibrium state, the gel changes the swelling ratio by the 
shift of the equilibrium state that is caused by the change of the elastic energy of 
the network by elongation or compression. This is called “stress-diffusion 
coupling phenomena” and gathers attention in the science of polymer gels.50-54 
The Poisson’s ratio µ is a convenient parameter to characterize the degree of the 
swelling induced by the imposed deformation. When a stress or a strain is 




εµ       (1.9) 
where ε stands for the strain and the subscript denotes means the principal 
direction: y and z-directions are perpendicular to the applied force. When the 
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volume of the material is unchanged before and after deformation, (i.e., the 
material is mechanically incompressible) µ is 1/2. In general, when a stress or a 
strain is applied to swollen gels, firstly the gels undergo an instantaneous 
deformation like the elastic deformation of rubbers. The corresponding 
Poisson’s ratio for this initial deformation (µ0) is near 0.5, namely little volume 
change occurs. Then the volume of the gels is changed with increasing time by 
the slow diffusion process, and it reaches the equilibrium in the long time limit. 
The Poisson’s ratio in the equilibrium state is called osmotic Poisson’s ratio (µ∞). 
A theory44 for the deformed gel in good solvent predicted that µ∞ = 1/6 that 
agreed with the experimental results. In the earlier studies of swelling behavior 
of the deformed gel, the gel in the swollen state were employed as a sample. In 
contrast, the swelling behavior of the deformed gel in the collapsed state (i.e., 
the gel in poor solvent) remains still unclear. The mechanical properties of the 
polymer gels depends on the change of the swelling degree. For example,  
elastic moduli of the gels in swollen state are considerably different from that of 
collapsed gels.  
 The main aim of this study is to investigate the swelling and shrinking 
behavior of polymer gels under various external forces. A new method to 
measure some physical properties of polymer gels related with the swelling 
property is proposed and the physical constants that have not been well 
characterized are quantitated. Solvent flow property through polymer gels is also 
examined for the binary solvent system.   
 In Chapter 2, a new type of rheometer called “a magnetic force driven 
rheometer” is developed to observe the swelling behavior of polymer gels under 
dynamic (sinusoidal) stresses. The swelling behavior of cylindrical PNIPA 
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hydrogels under dynamic stresses is investigate at the temperature below the 
transition temperature. The dependence of the volume change on the frequency 
of applied stresses is examined. In addition, the swelling under static (constant) 
stresses is also investigated. The correlation between the dynamic and static 
results are discussed.  
 In Chapter 3, the swelling behavior of PNIPA gels in the collapsed state 
is investigated. The dynamic and static stresses are applied to the gels above the 
transition temperature and the swelling behavior is observed by the same 
methodology in Chapter 2. The different behavior between collapsed and 
swollen gels are discussed from the point of view of the difference in the 
cross-linking structure. The correlation of the deformation behaviors under 
dynamic and static stresses are elucidated.  
 In Chapter 4, the shrinking behavior of the polymer gels under 
ultracentrifugal forces are investigated. Ultracentrifuges have been used in 
studies of the dilute polymer solution, in particular in order to evaluate the 
molecular weight of the polymer. The theoretical background for the 
sedimentation equilibrium and sedimentation velocity have been well 
established for the polymer solutions. Instead of polymer solution, PAAm gels 
are settled in ultracentrifugal fields and the shrinkage of the gels by centrifugal 
forces are observed. A theory which explains the shrinkage is proposed and is 
compared with the experimental results.  
 In Chapter 5, the shrinking behavior of poly(vinyl alcohol) gels by 
ultracentrifugal forces are investigated. Polyacrylamide gels used in the previous 
chapter are classified into chemical gels. In this chapter, poly(vinyl alcohol) gels 
that are physical gels with physical cross-linking by intermolecular interactions 
—9— 
are employed as the samples. The experimental results is analyzed with the same 
theory and the availableness and universality of this analysis method is 
examined. In addition, the rotational speed dependence of the shrinking velocity 
of the gels are investigated.  
 In Chapter 6, the mixed solvent flow properties through gel membranes 
are investigated. A simple model for binary solvent systems is proposed by 
extending the existing theory for the flow-induced swelling. A combination of 
PNIPA gels and mixed solvent of water / dimethylformamide is employed and 
the solvent flow properties are studied. In addition, a possibility of a separation 
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Effects of Static and Dynamic Loading on Swelling of  
Poly(N-isopropylacrylamide) Gels in the Swollen State 
 
2.1 Introduction 
Polymer gels vary the degree of swelling upon the change of external 
circumstances as stated in Chapter 1. For example, hydrogels in aqueous media 
change the volume in response to the variation in temperature, pH, ionic strength, 
and so on.1-3 Recently, it has been reported that when the external fields (for 
example, the mechanical stresses or strains) are applied to the fully swollen gels, 
the shrinkage or further swelling occurs as a result of a shift of the equilibrium 
state. The volume change responding to the applied stress originates from the 
fact that the polymer network and solvent molecules form a thermodynamical 
semi-open system, and this phenomenon has been called the stress-diffusion 
coupling.4 Studies on swelling kinetics of the polymer gels after the application 
of mechanical stimulus have been made by employing so-called static 
methods,5-10 such as continuous monitoring of the gel dimension after imposition 
of a step stress. They have shown that in the long time region the volume change 
can be written by a single exponential function; i. e., a single characteristic (or 
relaxation) time governs the swelling kinetics in that time region. On the other 
hand, little is known on the swelling kinetics at short times, where a 
multi-exponential character is considered to become dominant for the volume 
change.9, 11 Studies in terms of dynamic viscoelasticity will be very useful to 
give the full picture of the swelling kinetics of the polymer gels. Conventional 
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rheometers, however, cannot be used for this purpose; the rheometers require 
relatively large gel specimens to detect the mechanical response but the 
relaxation time of such large specimens is far out of the measurable frequency 
range of the rheometers because the characteristic time for swelling is 
proportional to square of gel dimensions. A new type of rheomter, applicable to 
very small gel specimens, is needed to investigate the dynamic swelling 
properties of polymer gels. In this study we have made a new apparatus to 
observe the swelling behavior of polymer gels under dynamic loading, and 
examined the frequency dependence of the dynamic Poisson ratio for the gels. 
In this study, poly(N-isopropylacrylamide) (PNIPA) gels are employed as 
samples. As stated in Chapter 1, PNIPA hydrogels undergo the volume phase 
transition in response to an infinitesimal change in temperature, and the 
transition temperature (Tt) has been reported to be Tt ≈ 32 ○C: A slight increase 
in temperature causes a drastic decrease in volume around 32 ○C. Below Tt the 
gels are highly swollen by water and this state is called “swollen state”. Above 
Tt the gels consist of a very small amount of water, which is called “collapsed 
gels”, or “gels in the collapsed state”. In this chapter we treat the PNIPA gels in 
“swollen state”, and the gels in the “collapsed state” will be stated in the next 
chapter. We have investigated the swelling properties of PNIPA hydrogels in the 
swollen state under static and dynamic loading and compared the results 
obtained by the dynamic tests with those by the static tests.  
 
 
2.2 Definition of Dynamic Variables  
 Consider a time (t) profile of strain in response to an applied elongational 
—16— 
stress (σ) composed of sum of the static stress σS and the dynamic stress σD as  
DS σσσ +=        (2.1) 
where σD is given by σD=σ0exp(iωt) with the amplitude σ0 and the angular 
frequency ω. The strain is defined by the ratio of the change of dimensions to 
the initial value before deformation. The strains parallel (ε//) and perpendicular 
(ε⊥) to elongation can be also divided into two components: the static and 
dynamic strains. 
 D//,S//,// εεε +=        (2.2a) 
 D,S, ⊥⊥⊥ += εεε        (2.2b) 
Within the framework of the infinitesimal deformation theory,12 the Poisson ratio 
(µ) is defined in terms of (static) strains as follow equation. 
 
//ε
εµ ⊥−=        (2.3a) 






εµ ⊥−=        (2.4b) 
Phase lags of ε//,D and ε⊥,D from the stress wave, δ// and δ⊥ respectively, are 
defined with the following equations. 
 ( )[ ]//0,//D//, iexp δωεε += t      (2.5a) 
 ( )[ ]πiexp0,D, ++= ⊥⊥⊥ δωεε t      (2.5b) 
And the dynamic Poisson ratio defined by Equation (2.4b) can be rewritten as 








εµ −=+−−= ⊥⊥⊥⊥   (2.6) 
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where ε//,0 and ε⊥,0 are the amplitudes of the strains parallel and perpendicular to 
elongation, respectively. We define ε⊥,D in consideration of the natural phase lag 
(π) between the strains parallel and perpendicular resulting in the simple form of 
the dynamic Poisson ratio without minus sign (Equation (2.6)). It is expected 
that δ// and δ⊥ are equal to 0 for the ideal elastic bodies. It is also clear that 
−π / 2 ≤ δ// ≤ 0 for viscoelastic bodies, but the range of  δ⊥ is not explicitly clear, 
so that we assume –π < δ⊥ ≤ π. Equation (2.6) leads to the relation that ⏐µD⏐ = 
ε⊥,0 / ε//,0. Figure 2-1 shows a schematic representation of δ// and δ⊥ in the 
complex plane. To analyze the dynamic data, it is useful to decompose dynamic 
components into two parts: the in-phase part and the out-of-phase part. For 
example, ε//,D and µD are decomposed as  
 //0,////0,//D//,D//,D//, sinicosi δεδεεεε +=′′+′=    (2.7) 
 ( ) ( )//D//DDDD sinicosi δδµδδµµµµ −+−=′′+′= ⊥⊥   (2.8) 
where the prime and double prime means the in-phase part and the out-of-phase 
part, respectively. All the dynamic components can be decomposed into two 





Poly(N-isopropylacrylamide) (PNIPA) gels were prepared by radical 
copolymerization of N-isopropylacrylamide (NIPA) and 
N,N’-methylenebisacrylamide (BIS). The reagents, NIPA and BIS, were 





























Figure 2-1 A relation between δ// and δ⊥ (phase lags for ε//,D and ε⊥,D seeing 
from the stress wave, respectively) in the complex plane with 









concentration of NIPA and BIS was fixed to be 13wt%, and the molar ratio 
[NIPA] / [BIS], which is a measure of the crosslink density, was also fixed to be 
53. After ammonium peroxodisulfate (initiator) and 
N,N,N’,N’-tetramethylethylenediamine (accelerator) were added into the 
solution, the pregel solution was transferred into glass capillaries and then the 
gelation was performed at 5○C. The time for gelation was settled to be 24 hours. 
The concentrations of AP and TEMED were 0.8 g/l and 2.4 ml/l, respectively. 
The cylindrical gel samples were removed from the capillaries and were poured 
into hot distilled water (about 50○C) to eliminate the unreacted reagents. The 




A laboratory-made magnetic force-driven (namely, a stress-controlled 
type) rheometer was used to investigate the static and dynamic swelling 
properties of the PNIPA gels. The outline of the apparatus is shown in Figure 2-2. 
A metal (tungsten carbide) sphere was glued to one end of the gel using a 
cyanoacrylate-type adhesive. The gel with the metal sphere was put in a 
glass-made solvent bath comprising inner and outer compartments. The inner 
compartment, where the gels were immersed, was filled with a surrounding 
solvent: water (W) or liquid paraffin (LP). However, the solvent in the gels 
(“inside solvent”) was water throughout. The outside solvent LP is a non-solvent 
for the PNIPA gels.  
Temperature-controlled water was circulated in the outer bath to keep 























Figure 2-2 Schematic representation of magnetic force-driven rheometer. FG; 
function generator: Amp; power amplifier: E; emitter part of laser 















the metal sphere by controlling the current in the coil. The current wave was 
generated by a NF power amplifier (4010 High Speed Power Amplifier/Bipolar 
Power Supply) based on the voltage-wave designed by a Yokogawa function 
generator (FG200). The static stress acting to the gels is originated from DC in 
the coil, while the dynamic stress comes from AC. The dimension of the gels 
was measured as a function of time (t) by two sets of emission-detector units 
(Laser Scan Micrometer; Keyence, LS5500): One monitored the diameter and 
the other monitored the position of the metal sphere from the bottom of the bath 
(namely, the length of the gels). The wave-form data from the output of the 
detectors were recorded with a Yokogawa analyzing recorder (AR1100A) 
together with the wave-form data of the current in the coil. The swelling of the 
gels were equilibrated in water at 25○C before the measurements, and thereafter 
the gels were transferred to the solvent bath of the rheometer.  
 
2.4 Results and Discussion 
2.4.1 Static Properties 
Figure 2-3 shows the time dependence of dimensions of the gel sample in 
water after the imposition of the magnetic force. The gel was allowed to swell 
until the equilibrium (l = 18.1mm and d = 410µm ) in water under the load of 
the metal sphere before the application of the magnetic force. When DC is 
applied to the electromagnet at t = 0, the length l  increases (Figure 2-3a) and the 
diameter d decreases (Figure 2-3b) instantaneously (l = 19.5mm and d = 
393µm ). This must correspond to the usual elastic-deformation without 
swelling, because the value of Poisson’s ratio in the instantaneous deformation 



































Figure 2-3 Time (t) dependence of (a) length l and (b) diameter d of the PNIPA 
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l and d gradually increase in the region of t up to about 200s. These dimensional 
changes with t indicate that the stress-induced swelling occurs for the gel in 
water, because the increases in d and l evidently result in volume increase. 
Figure 2-4 shows the semi-logarithmic plots of l and d against t where l0 and l∞ 
represent l at t = +0 (just after deformation) and t → ∞, respectively. The 
quantities d0 and d∞ also have the same meanings as l0 and l∞. In both plots, the 
data points appear to fall on a straight line, indicating the t-dependence is 
approximated to be single-exponential for the length as well as the diameter. A 
relaxation time for the stress-induced swelling (τ) is evaluated from the slope of 
each line: τ ≈ 85s for the length; τ ≈ 70s for the diameter. The values of τ  for the 
length and diameter should be considered identical in view of the experimental 
error in estimating τ, and thus the relaxation time in both directions is evaluated 
to be about 80s.  
A theory9, 13 predicts that the diffusion constants in the radial and axial 
directions differ for infinitely long cylindrical gels: The change in diameter by 
stress-induced swelling is governed by the longitudinal mode while the change 
in length being by the transversal mode. On the basis of the theory, the ratio of 
the two diffusion constants (DL/DT), i.e, the ratio of the relaxation times for the 
swelling in the two directions, is given by DL/DT = 2(1- µ∞) / (1-2 µ∞), where µ∞ 
is the equilibrium Poisson ratio.9, 13 As will be shown later, the gel samples used 
in this study show µ∞=1/5~1/4, giving the ratio DL/DT of 8/3~3. This indicates 
that the two modes of relaxations are distinguishable in principle. The relaxation 
times for l and d in the present experiments were identical within experimental 
error. The reason for the disagreement of the theoretical prediction and the 

















































Figure 2-4 Semi-logarithmic plots for (a) (l∞ − l) / (l∞ − l0) and (b) (d∞ − d) / (d∞ 
− d0)  as a function of time (t) where, l0 and l∞ represent l at t = +0 
(just after deformation) and t → ∞ in Figure 2-3, respectively. The 
quantities d0 and d∞ also have the same meanings as l0 and l∞. The 
straight lines represent approximation of single-exponential. 




















experiments (l0/d0 ≈ 30) may still be insufficient to satisfy the condition of the 
infinite aspect ratio assumed in the theory. The theory does not give what value 
of aspect ratio is needed to observe the anisotropic swelling process. Further 
experiments using the gels with larger aspect ratios are needed to settle this 
issue. 
In Figure 2-5 µ is plotted against t for the PNIPA gel in water. In this plot 
µ was defined by µ = − ∆ε⊥ / ∆ε// with ∆ε⊥ = ε⊥ (t) − ε⊥(t = −0) and ∆ε// = ε// (t) − 
ε//(t = −0). The time at t = −0 stands for the time just before elongation by the 
magnetic force. This definition is a little different from the conventional one, but 
µ in the above definition is known to give the same value as from the 
conventional one as long as the deformation is small. Actually, the strains 
parallel to elongation in the present experiment never exceeded 20%, satisfying 
the condition of small deformation. At t ≈ 0 µ lies around 0.47, and then µ 
decreases with increasing t. The value of µ at short times corresponds to the 
Poisson ratio as a material constant without swelling. The curve levels off at t ≈ 
200s and the leveled-off value corresponding to the equilibrium Poisson ratio is 
estimated to be ca. 0.2, clearly indicating that stress-induced swelling occurs in 
the gel in water and the time profile of µ is almost the same as those of l and d 
(Figure 2-3).  
 
2.4.2 Dynamic Properties 
 Figure 2-6 shows the plots of dynamic strain amplitudes (ε//,0 and ε⊥,0) 
against ω for the PNIPA gel in W and LP. For the gel in LP behaving as a soft 
elastic body like a rubber, both ε//,0 and ε⊥,0 are independent of ω. For the gel in 






























Figure 2-5 Time (t) dependence of Poisson’s ratio (µ) obtained from the static 
test where µ = − ∆ε⊥ / ∆ε// with ∆ε⊥ = ε⊥ (t) − ε⊥(t = −0) and ∆ε// = 
ε// (t) − ε//(t = −0). The time at t = −0 stands for the time just before 
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Figure 2-6 Angular frequency (ω) dependence of the dynamic strain 
amplitudes ε//,0 and ε⊥,0 for the PNIPA gel in water (●; ε//,0 : ■ ; ε⊥,0) 
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increases and ε⊥,0 decreases with decreasing ω. Using ε//,0 and ε⊥,0, we can 
calculate the absolute value of the dynamic Poisson ratio (⏐µD⏐). In Figure 2-7 
⏐µD⏐ is plotted against ω for the gel in W and LP. No stress-induced swelling 
occurs for the gel in LP in the entire range of ω because the constant value 
estimated is ca. 0.47, close to 0.5, which agrees well with the value obtained 
from the static experiments in the short time limit. On the other hand, ⏐µD⏐ of 
the gel in W is strongly ω-dependent. At high frequencies at ω > 0.1s-1, ⏐µD⏐ is 
close to 0.5 similarly to µ in LP because the time scale for the sinusoidal force 
(ω-1) is sufficiently shorter than the characteristic time for stress-induced 
swelling (τ), i.e., no occurrence of the stress-induced swelling. At frequencies at 
ω < 0.1s-1 where ω-1 is comparable to τ, the ω-dependence of ⏐µD⏐ becomes 
pronounced due to the emergence of the stress-induced swelling effect. The 
stress-induced swelling is equilibrated throughout the oscillation at low ω ( < 
0.01s-1) where ω-1 is much longer than τ, with the result that ⏐µD⏐ shows 
level-off. The leveled-off value of ⏐µD⏐ at low ω lies about 0.25, which is rather 
close to the value of µ (µ ≈ 0.2) obtained by the static measurements in the long 
time limit (Figure 2-5).  
 Figure 2-8 shows the loss tangent of the phase lags (tanδ// and tan δ⊥) as 
a function of ω. In LP, both of the loss tangents are almost the same and are 
constant independently of ω, lying around −0.1. This non-zero value indicates 
that the gel is viscoelastic, and ε//,D and ε⊥,D move with t by keeping | δ⊥ − δ// | = 
0. The PNIPA gel in W, on the other hand, shows a maximum on the tan δ// vs. ω 
plot and a minimum on the tan δ⊥ vs. ω plots, reflecting the re-swelling by the 
applied force. The value of ω for the maximum is very close to that for the 



























Figure 2-7 Angular frequency (ω) dependence of the absolute value of the 
dynamic Poisson ratio (⏐µD⏐= ε⊥,0 / ε//,0) for the gel in water (●) 
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Figure 2-8 Angular frequency (ω) dependence of the loss tangent of the phase 
lags tanδ// and tan δ⊥ in water (●; tanδ// : ■; tan δ⊥) and in liquid 
paraffin  (○; tanδ// : □; tan δ⊥). The values δ// and δ⊥ are the phase 
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into in-phase part µD’ and the out-phase part µD”. From Equation (2.8), µD’ and 
µD” in W were calculated with the values shown in Figures 2.7 and 2.8. Figure 
2-9 shows the Cole-Cole plot of the complex Poisson’s ratio. The curve in the 
figure stands for a half circle and the data points appear to fall on the curve, 
indicating that µD relaxes almost in a single mode of the Debye-type.  
 A characteristic time for swelling in the dynamic tests is defined as the 
inverse of ω at the maximum (equivalently, at the minimum), and is evaluated to 
be around 100s both for the tan δ⊥ and tan δ// curves (Figure 2-8). The value is 
also close to the τ determined by the static tests (ca. 80s). The agreement ensures 
the accuracy as well as reliability of the dynamic measurements. We would like 
to emphasize again that the relaxation observed stems from swelling, not from 
mechanical relaxation. This is also confirmed from the fact that τ is proportional 
to the square of the dimension of gels. A separate similar experiment shows τ ≈ 
180 s for the gel with the larger initial diameter (d0 = 0.54 mm). The ratio of τ 
(180/100) for the two gels is close to the square of the ratio of d0 ((0.54/0.42)2 ≈ 
1.7). It should be noticed that in the case of mechanical relaxation, the relaxation 




 The effects of static and dynamic loading on the swelling properties of 
PNIPA hydrogels in the swollen state have been investigated by using a 
laboratory-made magnetic force-driven rheometer. In static tests (under a 
constant stress), the length and diameter of the cylindrical gel sample in water 
































stress-induced swelling in both directions are identical within experimental error. 
The Poisson ratio decreases from around 0.5 to around 0.2 with time just after 
the application of the magnetic force. The dynamic tests (under sinusoidal 
forces) reveal large differences in the swelling behavior of the gels surrounded 
with water and liquid paraffin (non-solvent for PNIPA gels). In liquid paraffin, 
amplitudes of strains parallel and perpendicular to elongation (ε//,0 and ε⊥,0, 
respectively) are independent of angular frequency (ω), giving the absolute 
value of dynamic Poisson ratio (⏐µD⏐ = ε⊥,0 / ε//,0) of ca. 0.47. On the other hand, 
ε//,0, ε⊥,0 and ⏐µD⏐ in water significantly depend on ω due to the stress-induced 
swelling with a characteristic time. The dynamic Poisson ratio at ω → ∞ (short 
time limit) or ω → 0 (long time limit) agrees well with the corresponding 
Poisson’s ratio obtained by the static tests. The phase lags of ε//,D and ε⊥,D seeing 
from the stress wave (δ// and δ⊥, respectively) are independent of ω in liquid 
paraffin whereas ε//,D and ε⊥,D move with keeping ⏐δ⊥ − δ//⏐= 0.  Ιn water, the δ// 
curve shows a minimum while the δ⊥ curve does a maximum at the same 
angular frequency. A characteristic time of swelling in the dynamic tests 
obtained as an inverse of this frequency accords well with the relaxation time in 
the static tests. It is also revealed that the dynamic Poisson ratio relaxes in a 
single mode of the Debye-type. 
—34— 
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Effects of Static and Dynamic Loading on Swelling of 
Poly(N-isopropylacrylamide) Gels in the Collapsed State 
 
3.1 Introduction 
 The volume of polymer gels varies in response to the change in the 
environmental factors such as temperature, pH, composition of the solvent.1-4 As 
described in Chapter 1, it is well known that poly(N-isopropylacrylamide) 
(PNIPA) hydrogels undergo the volume phase transition at the transition 
temperature (Tt): Below Tt the gels are in “the swollen state” while above Tt in 
“the collapsed state”. In Chapter 2, we investigated the swelling behavior of the 
PNIPA hydrogels in the swollen state below Tt under static or dynamic loading. 
We observed a pronounced “stress-induced swelling”.5,6 By contrast, there are 
few corresponding measurements on the PNIPA gels in the collapsed state above 
Tt and thus the details of the deformation behavior of the collapsed gels are still 
unclear.7-9 In this chapter, we describe the deformation behavior of the collapsed 
PNIPA gels under static and dynamic stresses (or strains) revealed by the same 




 Poly(N-isopropylacrylamide) (PNIPA) hydrogels were synthesized by 
the same method in Chapter 2, namely the radical copolymerization of NIPA and 
BIS. The total monomer concentration of NIPA and BIS was fixed to be 6 wt%, 
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and the molar ratio [NIPA] / [BIS] was also fixed to be 100. The concentrations 
of AP (initiator) and TEMED (accelerator) were 0.8 g/l and 2.4 ml/l, respectively. 
The obtained cylindrical gel samples were then removed from the capillaries and 
were poured into a large amount of methanol at room temperature to exchange 
the solvent from water to methanol. The methanol outside the gels was 
exchanged at several times. The gels swollen by methanol were dried in vacuo, 
and thenafter they were soaked in water at about 50 ○C to obtain the samples in 
the equilibrium collapsed state. The dimensions of the samples used for 
mechanical tests were 10-20 mm in length and 0.5-2.0 mm in diameter.  
 
3.2.2 Measurements 
 The same apparatus shown in Chapter 2 was used to examine all the 
measurements. In this study, we carried out the strain-controlled operations in 
addition to the same measurements (stress-controlled operation) as described in 
Chapter 2, so that some details of the apparatus were illustrated in Figure 3-1.  
 In strain-controlled operations, one end of the gels was settled with a 
larger, hence heavier, metal sphere; in this condition, the gel is elongated by 
about 50 %, and the metal sphere touches on the bottom of the bath. As a result, 
the strain in the stretching direction is fixed throughout the measurement. The 
length of the gels was fixed to be a constant value and was estimated by the 
height of the moving plate from the bottom, while the change in diameter was 
determined by using a set of emitter-detector unit. In this operation, liquid 
paraffin (LP) as well as water (W) was employed as the surrounding solvent of 
the fully swollen gel by water. LP is a non-solvent for PNIPA. 














































 D E 
Figure 3-1 The schematic representaion of the magnetic force-driven  
  rheometer. FG; function generator: Amp; power amplifier: E; 
  emitter part of laser scan micrometer: D; detector of laser scan 
  micrometer: DR; Digital Recorder. 
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(above Tt) throughout this study.  
 
3.3 Results and Discussion 
3.3.1 Static Properties 
 Figure 3-2 show the t-dependence of the length (l) and diameter (d) after 
the application of the static stress to the collapsed PNIPA gel in water. In this 
measurement the maximum strain in the axial direction is ca. 3% which is within 
linear elasticity region. The length l increases (Figure 3-2a) and the diameter d 
decreases (Figure 3-2b) with increasing time, and these reach the equilibrium 
values at about t = 600 s. This behavior is actually a kind of creep, and is 
substantially different from the behavior of the PNIPA gels in the swollen state 
shown in Chapter 2 (Figure 2-3): Both length and diameter increased under a 
constant stress, namely, the gels in the swollen state clearly showed the further 
swelling induced by the static stress. The different behavior of the collapsed and 
swollen PNIPA gels under a constant stress probably results from the difference 
in cross-links. The collapsed PNIPA gels have the cross-links formed by 
hydrogen bonds in addition to the cross-links made of covalent bonds owing to 
the high network density.7 The network concentration of the collapsed gel is 
about eight times as large as that in the swollen state. In contrast the swollen 
gels were made only of the covalent bonds. When the mechanical stress is 
applied to the collapsed gel, the hydrogen bonds are destroyed instantaneously 
by the stress. But all hydrogen bonds are not destroyed at once. Only the 
hydrogen bonds which directly supports the force are destroyed. In addition, 
new hydrogen bonds are generated in other places at the same moment because 











































Figure 3-2 Time dependence of (a) the length (l) and (b) the diameter (d) 
  of the PNIPA hydrogel in the collapsed state after applying the 
  a static stress (the voltage of the applied DC is 4V).  
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deformation of the gel, the network repeats the generation as well as destruction, 
namely the recombination, of the hydrogen bonds. This causes the slow creep 
behavior of the collapsed gel. When the elastic force of the network balances 
with the applied stress, the recombination of the hydrogen bonds ceases. 
 Figure 3-3 shows the t-dependence of l and d for the collapsed gel in 
water after the applied stress is removed. The length decreases (Figure 3-3a) and 
the diameter increases (Figure 3-3b) with increasing elapsed time. At about t = 
600 s the gel reaches the equilibrium state, which is very close to the original 
state before deformation. This corresponds to the process of creep recovery. 
After the removal of the applied stress, the creep recovery proceeds via the 
reverse process of the recombination of the hydrogen bonds.  
 The Figure 3-4a shows the t-dependence of d after applying the static 
strain in water. The applied strain is about 50 % and the inset shows the result 
for the small strain of about 5 %. The initial diameter before deformation was 
2.4 mm. The static strain induces a finite further swelling. The stress-induced 
swelling becomes more clearly recognizable as the strain increases. In the case 
of 50% strain, the diameter levels off at about 150 s. The results of the static 
strain experiments confirm that the stress-induced swelling occurs even in the 
collapsed state although the magnitude is smaller than that in the swollen state. 
The stress-induced swelling was not recognizable in the variation of d in the 
constant stress experiment (Figure 3-2). This is probably because the increasing 
in d by the stress-induced swelling is effectively masked by the decrease in d 
caused by the creep. Figure 3-4b displays the results of the similar experiments 
in LP (non-solvent for PNIPA). The diameter of the gel shows no appreciable 
































Figure 3-3 Time course of (a) the length (l) and (b) the diameter (d) of the 

























































































Figure 3-4 Time dependence of the diameter (d) of gel under 50% strain in 
(a) water and (b) LP. The each inset is same value of 5% strain. 
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of d in water (Figure 3-4a) are attributed to the stress-induced swelling.  
 
3.3.2 Dynamic Properties 
 In order to analyze the dynamic data, the definitions of the dynamic 
variables in Chapter 2 were employed. In this chapter, we employ the dynamic 
change in length ∆lD instead of the dynamic strain as a variable for our 
convenience. We define the variation of length for the gel in the dynamic 
measurements (∆lD) as 
 ( )[ ]δω −∆=∆ tll iexpD       (3.1) 
where ∆l, and δ represent the amplitude of the displacement and the phase lag 
(seen from the stress), respectively. Note that the phase lag δ defined by 
Equation (3.1) is opposite in the sign in the definition in Chapter 2 (Equation 
(2.5a), namely the range of δ is defined as 0 ≤ δ ≤ π / 2 for viscoelastic bodies.  
 Figure 3-5 shows the semi-logarithmic plots of ∆l and δ against ω for the 
PNIPA hydrogel in the collapsed state. The amplitude ∆l decreases 
monotonically with increasing ω and the value of ∆l at the lowest frequency is 
about five times as large as that at the highest frequency. This result is 
significantly quite different from the results for the PNIPA gels in the swollen 
state in Chapter 2 (Figure 2-6), where the two plateau regions emerge in the low 
and high frequency limit. Figure 3-5b shows the plots for δ. The phase lag 
increases with increasing ω, and at high frequencies δ increases very steeply. 
This behavior is also different from that in the swollen state (Figure 2-8). The 
dynamic valuable ∆lD can be decomposed into the in-phase part (∆lD') and the 









































Figure 3-5 (a) Amplitude of the displacement induced (∆l) by the 
dynamic stress as a function of angular frequency (ω), and (b) 
phase lag (δ) determined as a function of angular frequency 
(ω) (the amplitude of the applied AC voltage is 2V). 
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 δcosD ll ∆=′∆        (3.2a) 
 δsinD ll ∆=′′∆        (3.2b) 
Figure 3-6 shows the ω-dependence of ∆lD'  and ∆lD" (circles and squares, 
respectively) of the PNIPA gel. The in-phase part ∆lD' decreases with increasing 
ω as in the case of the ∆l, whereas ∆lD" is almost constant over a wide range of 
ω. This indicates that the creep occurred with the same intensity in the whole 
ω-range examined because ∆lD" corresponds to the creep intensity.  
 
3.3.3 Comparison between Static and Dynamic Data 
 In order to check the consistency between the static and dynamic data of 
the collapsed gels, we compare the experimental data obtained from static 
measurements with the static response calculated form the dynamic data. The 
gel specimen is the same for the static and dynamic tests (Figures 3-2 and 3-6, 









ωτ       (3.3a) 
where ∆lD is defined by 
 DDD i lll ′′∆−′∆≡∆       (3.3b) 
The functions ∆lD'  and ∆lD" from Equation (3.3a) satisfy the Kramers-Kronig 
relation.10 The mechanism of the change in length is assumed to be of 
multi-mode, each being only virtual and not corresponding to the real mode of 
motion. In Equation (3.3a), k and τn are respectively the intensity and the 
































● In-phase part (∆l’) 
■ Out-of-phase part (∆l”) 
 
Figure 3-6 In-phase part (∆lD' ; ●) and out-of-phase part (∆lD" ; ■) of the 
amplitude of the displacement as a function of angular 
frequency (ω). The best fit curves of ∆lD'  and ∆lD" also shown 
as a solid line and broken line (see text). 
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Equation (3.3a) is separated with the same time interval in a logarithmic scale. 
The cut-off value of τ in the long time limit is assumed as τ1 = 1000 s. Although 
the edge in the lower frequency side of the box-shape spectrum was not 
observed in the dynamic test, but it is simply expected that τ1 is not so far from 
the longest retardation time (ca. 200 s) directly obtained in the static experiment. 
The intensity k (= 0.061 mm) and the cut-off value of the short time limit (τ7) 
were evaluated by the best fitting with m = 7 to the data of ∆l'. The value of m 
(m = 7) is chosen so that Equation (3.3a) can reproduce the box-type spectrum, 
and the values of m ≥ 7 yield the same results as m = 7. The fitting result is 
shown in Figure 3-6. 
The variation of the length ∆l(t) is defined as ∆l(t) = l(t) – l0 with initial length l0, 
and we have 


















t ττωωωτ  (3.4a) 
Integration of the above equation over t with the initial condition for ∆l(t) gives 













tktl τ      (3.4b) 
Figure 3-7 compares the result of the static test (the data in Figure 3-2a) and the 
curve calculated from Equation (3.4b). The good agreement shows that the 
dynamic and static data are consistent. The fitted values of the initial length l0 
and k are 21.08 mm and 0.11 mm, respectively. This value of k is about twice as 
large as k = 0.061 mm for the fitting to the dynamic data. This is reasonable 
because the effective magnitude of the applied stress (voltage) in the static test 




































Figure 3-7 Time dependence of the length (l) (black circle) after 
applying the a static stress in Figure 3-2a and the best fit 




 We investigated the deformation behavior of the PNIPA hydrogels in the 
collapsed state under static and dynamic stresses. When a constant stress was 
applied to the collapsed gels in water, the length increased and the diameter 
decreased toward the new equilibrium values. When the stress was released, the 
length and diameter recovered the original values before deformation. This creep 
and creep recovery originated from the destruction and generation of the 
hydrogen bonds in the collapsed gels. In the measurements under constant 
strains, a small but definite stress-induced swelling occurred. In the collapsed 
state the deformation after the stress imposition was dominated by the creep 
accompanying a small degree of stress-induced swelling, while in the swollen 
state the deformation was mainly governed by the stress-induced swelling. 
 In the dynamic measurements, the amplitude of the displacement in 
length decreased and the phase lag increased as angular frequency increases. 
The static properties obtained by the conversion of the dynamic data agreed with 
the static data in the experiment.  
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Chapter 4 





 As described in Chapter 1, the kinetics of swelling and shrinking of 
polymer gels in solvents has been investigated from the experimental and 
theoretical viewpoints. The kinetics of polymer gels has been analyzed on the 
basis of diffusion models of networks.1-6 On the basis of the diffusion models, 
the characteristic time for swelling and shrinking is of the order of d2 / D, where 
d and D are the final dimension of the gel and the diffusion constant of the 
network, respectively. The constant D is governed by the elastic and frictional 
characteristics of networks as D = L/f where L and f are the longitudinal elastic 
modulus and friction coefficient between network and solvent, respectively. The 
elastic moduli such as Young's modulus and shear modulus can be easily 
measured by conventional mechanical testing. By contrast, there exist only a 
few studies1,8,9 on the measurements of f due to the limited experimental 
methods. 
The dynamics of swelling and shrinking of gels has been investigated 
under no external field1-4 as well as under static strains,7,10-15 and dynamic load 
in Chapters 2 and 3. In this chapter, we focuses on the shrinking behavior of gels 
under constant ultracentrifugal fields which has not been reported before. A 
theory based on the diffusion model is proposed to describe the kinetics of the 
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shrinking of gels driven by centrifugal fields. We also conduct the corresponding 
experiments, and the whole shrinking process observed is compared by the 
theoretical prediction. We examine the shrinking behavior of a polyacrylamide 
(PAAm) hydrogel and poly (vinyl alcohol) gel, each of which is classified into 
“chemical gel” and “physical gel”, respectively. In this chapter, we focus on the 




4.2.1 Basic Equations 
In this section, we theoretically describe the kinetics of shrinking of a 
polymer network driven by a centrifugal field. The system considered here is 
illustrated in Figure 4-1. A gel (polymer network swollen in solvent) confined at 
the bottom of a cell is placed under a centrifugal field generated by angular 
velocity Ω. The center of rotation, the gel surface in the initial state and the 
bottom of the cell are designated at r = 0, r = r1 and r = r2, respectively, where 
the r-axis coincides with the direction of the centrifugal force. In the present 
condition, the deformation of the network takes place only in the r-direction 
because of the presence of the side walls of the cell, if we assume the slip 
boundary for the interface between the gel and side walls. 
According to the diffusion model introduced by Tanaka et al.,1 the 
equation of motion for a unit volume element in the network with density ρN 























Figure 4-1 Schematic for a gel under centrifugal fields. The gray part 
indicates a gel confined in a cell. Each of r1 and r2 corresponds to 
the position of the moving boundary (gel surface) and immobile 






where u is the displacement vector representing the displacement of a point from 
the initial position at t = 0, and φ is the volume fraction of the network. The 
vector F denotes the force resulting from the external field concerned. The term 
on the left hand side of the equation is safely neglected because the motion 
concerned is sufficiently slow. The terms on the right hand side represent the 
forces acting on the element. The first term is the gross force from the internal 
stresses, which is given by the divergence of the stress tensor σ. According to 
the linear elasticity theory, in the rectangular coordinates (O-x1x2x3), σ is related 



















2     (4.2) 
where K and G are the osmotic bulk modulus and shear modulus of the network 
alone, respectively. The second term in Equation (4.1) is the frictional force 
expressed as a product of velocity of the element and friction coefficient f 
between network and solvent inside the gel. In the present study, the third term 
originates from a centrifugal field. The centrifugal force acting on the element at 
distance r from the origin is proportional to rΩ 2 as well as the difference in 
density ∆ρ between polymer network and solvent. 
 The network is deformable only in the radial direction under the 
condition concerned. As a result, this shrinking behavior may be treated as 
one-dimensional (1D) diffusion of the network. From Equations (4.1) and (4.2) 
with neglecting the left-hand side term of Equation (4.1), we obtain the equation 
for u(r, t): 










∂      (4.3) 
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where D = (K + 4G/ 3) / f = L / f is the diffusion constant of the network. 
 
4.2.2 Solution 
The initial condition to solve Equation (4.3) is given by 
 u(r, 0) = 0  at t = 0     (4.4) 
The boundary conditions at the surface (r = r1) and bottom (r = r2) of the cell 
may be respectively given by 
 ( ) 0,1 =∂
∂
r
tru   at r = r1    (4.5) 
and 
u(r2, t) = 0  at r = r2    (4.6) 
Equation (4.5) originates from that the stress normally acting on the gel surface 
(moving surface) is zero.2 The solution of Equation (4.3) satisfying the initial 
and boundary conditions is  
u(r, t) = An
n=1






⎟ ⎟ + u(r,∞)     (4.7a) 
with 
































ρφ  (4.7b) 
where a = r2 − r1. In Equation (4.7a), τL is the longest characteristic time defined 
by 
 τ L = 4a
2
π 2D        (4.8) 
The term u(r,∞) in Equation (4.7a) is the stationary value of u in the long time 
limit: 
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( )322121322 336),( rrrrrrLΩru −−+∆=∞ ρφ     (4.9)  
In particular, the displacement of the moving surface in the stationary state 
u(r1,∞) is given by 
( )322213121 326),( rrrrLΩru +−∆=∞ ρφ     (4.10) 
Equations (4.9) and (4.10) indicate that the shrinkage in the steady state is 
determined by the balance between the centrifugal force and the elastic force. 
Meanwhile, in the initial stage of shrinking at t/τL « 1, u(r1,t) given by Equation 







ρφ∆=   for t/τL « 1   (4.11a) 
or  








ρφ∆=≡      (4.11b) 
with using the shrinking velocity v. Equation (4.11) shows that the initial 
shrinking rate is proportional to the ratio of the centrifugal force to the frictional 
force. Thus the shrinking behavior in the short or long time limit strongly 
reflects the frictional or elastic property of gels, respectively. 
 Figure 4-2 illustrates u(r,t)/u(r1,∞) as a function of r/r2 at various 
reduced times t/τL, i.e., the displacement distribution of a gel during shrinking. 
In the calculation, r1 = 6 × 10−2 m and r2 = 7 × 10−2 m, both of which are close to 
the experimental condition in present study, were employed. In the initial state t 
= 0, u(r,0) =0. The profile of the stationary displacement is given by a cubic 
function of r of Equation (4.9). 
 Figure 4-3 displays the displacement of the moving surface u(r1,t) at 































Figure 4-2 The displacement distribution of a gel during shrinking. The 
relative position u(r,t)/u(r1,∞) is displayed as a function of r/r2 at 
various reduced time t / τL. In the calculation, r1 = 6 × 10-2 m and 
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Figure 4-3 The shrinking behavior of a gel at various centrifugal 
accelerations (α). The calculation is performed with r1 = 6 × 10−2 
m, r2 = 7 × 10−2 m, L = 3 × 104 Pa, f = 1 × 1014 Ns/m4, φ = 2 × 













gravity) as a function of reduced time t/τL. The calculation was performed with 
r1 = 6 × 10−2 m, r2 = 7 × 10−2 m, L = 3 × 104 Pa, f = 1 × 1014 Ns/m4, φ = 2 × 10−2 
and ∆ρ = 4.48 × 102 kg/m3. As α increases, each of the initial shrinking rate and 
the stationary shrinkage increases as expected from Equations (4.10) and (4.11), 
respectively.  
 Although the exact solution of u(r,t) is a multiexponential function 
shown by Equation (4.7), the solution is well approximated by a single 
exponential function just with the leading term for n=1: The contributions of the 
high-order terms (n ≥ 2) proportional to 1/(2n-1)3 are negligibly small relative to 
that for n=1. Thus the expression of u(r1,t) is reasonably simplified as 










π   (4.12) 
It is seen in Figure 4-4 that there exists no noticeable difference in the whole 
time dependence of u(r1, t) given by Equation (4.7) and Equation (4.12). 
 In this study, we actually observe the concentration gradient in the cell 
from the Schlieren patterns during the measurement. that the concentration (c) of 
the polymer network is briefly explained. Since the shrinking of the gel is 
supposed to be one-dimensional deformation, the concentration of the polymer 
network normalized initial concentration c0 is written with the displacement u(r, 
t) as  
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Figure 4-4 The comparison of u(r,t) given by Equations (4.7) and (4.12). The 
former is calculated by summing the terms up to n=1000. No 
appreciable difference is present between the two curves over the 
whole time region. The curves are calculated with α = 4.5 × 104 G 




Eq. ( 12 ) 


























     (4.14) 
Figure 4-5 shows the plots of the calculated concentration gradient inside the gel 
various t. The gradient was calculated from Equation (4.14) and the movement 
of the gel itself is taken into account for the data. The centrifugal acceleration α 
= 4.5 × 104 G and the same parameters as Figure 4-3 were employed for the 
calculation. As t increases the upturn near the bottom becomes pronounced. This 
indicates that the concentration of the polymer network near the bottom, where 
the movement of the gel is constrained, significantly increase by shrinking of the 




 Polyacrylamide (PAAm) gels were prepared by radical copolymerization 
of acrylamide monomer and methylenebisacrylamide (BIS) (crosslinker) 
employing ammoniumpersulfate as an initiator. The mixtures were dissolved in 
water. The monomer concentration was 3.00 wt%, and the molar ratio [PAAm] / 
[BIS] was 100. After the pregel solution was poured into an optical cell for the 
ultracentrifugal measurement, the cell was maintained at 5 oC for 24 hours for 
cross-linking reactions. The concentrations of AP (initiator) and TEMED 
(accelerator) were 0.8 g/l and 2.4 ml/l, respectively. 
 As the value of ρN for PAAm networks is unknown, the density of 
amorphous linear PAAm (ρ = 1.445 × 103 kg/m3) was employed as ρN needed 















Figure 4-5 A normalized concentration gradient, (∂c / ∂r)/c0 inside gel as a 
function of r/r2. (a) for t / τ = 0, (b) for t / τ = 0.1, (c) for t / τ = 0.5, 












































g/mol was evaluated from the densities of the aqueous solutions with various 
PAAm concentrations assuming the additivity for volume.  
4.3.2 Measurements 
 Measurements were made using an analytical ultracentrifuge (Beckman, 
Spinco Model E) with a light of Hg e-line (546 nm) at 25 oC. A single-sector 
12-mm cell with quartz glass window was employed. The centerpiece of the cell 
is made of poly(trifluorochloroethylene) to minimize the friction between the 
cell wall and the gel. The initial dimension of the gel in centrifugal direction is 
about 9 mm, and the thickness and width, both of them are unchanged under 
centrifugal fields, are 12 and 4 mm, respectively. The measurements were 
carried out at the rotor speed of 1.80 × 104 or 6.00 × 104 rpm. The Schlieren 
diagrams photographed were read on a contour projector (Nippon Kogaku, 
L-16) to the accuracy of ±0.001mm. 
  
4.4 Results and Discussion 
 Figure 4-6 displays the Schlieren patterns during the shrinking of the 
PAAm gel at the centrifugal acceleration of α = 2.26 × 104 G. In these patterns, 
each position of air-solvent and solvent-gel interfaces is evidently recognizable 
as the point where the concentration gradient diverges. At t = 6.00 × 102 s, the 
air-solvent and solvent-gel interfaces are not distinguishable because the rotation 
time is too short to yield a finite shrinking. At t = 9.38 × 104 s (ca. 1 day), an 
appreciable shift of the solvent-gel interface toward the cell bottom (i.e., 
shrinking) is visible, while the air-solvent interface is immobile due to the 
incompressibility of the solvent. After sufficiently long time to achieve the 






















Figure 4-6 The Schlieren patterns in the shrinking process of a PAAm gel at 
the centrifugal acceleration α = 2.26 × 104 G as a function of time. 
The last column shows an example of the patterns sufficiently 
long after stopping the rotation.
centrifugal force 
cell bottom 
t = 6.00 X 102 s 
t = 9.38 X 104 s 
t = 6.95 X 105 s 
17 days after 












half of the initial length. It should be noticed in the last column in Figure 4-6 
that the position of the solvent-gel interface shifted by the centrifugal force 
slowly returns to the original position after stopping the rotation. This indicates 
that the deformation induced by centrifugal forces is recoverable; that no 
irreversible structural change in the gel is caused by the centrifugal forces. Near 
the bottom of the cell, the concentration gradient increases with time. This 
upturn of the concentration gradient is qualitatively corresponding with the 
calculation results of Equation (4.14) (Figure 4-5). It is, however, difficult to 
completely reproduce the change of the concentration gradient by the theory 
because the unreacted monomers are included inside the gel. The time course of 
the change in the concentration gradient may reflect the sedimentation process 
of the unreacted monomers, but it is beyond the scope of the present study to 
enter into the details.  
Figure 4-7 illustrates the position of the moving surface of the gels (i.e., 
the gel-solvent interface) as a function of time at α = riΩ 2/g = 2.26 × 104 or 2.57 
× 105 G. The value of r at t = 0 (ri) corresponds to the initial distance of the gel 
surface from the rotation center before applying the centrifugal force. In the case 
of α = 2.26 × 104 G, the shrinking proceeds linearly with time in the short time 
region, while the steady state of shrinking is achieved in the long time region 
(after ca. 6 days). The extrapolation from the data in the short time region to t = 
0 slightly deviates from the data at t = 0, resulting from the fact that a finite time 
(ca. 7 min) is required to reach the constant rotation speed in the experiments. 
Thus we employ the intercept at t = 0 in the linear extrapolation as ri for further 
analysis. At the higher centrifugal acceleration of α = 2.57 × 105 G, the 
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Figure 4-7 Position of the solvent-gel interface (the moving surface) of a 
PAAm gel as a function of time at the centrifugal acceleration of 
α = 2.26 × 104 G. The inset shows the same plots for the data at α 
= 2.57 × 105 G. The straight lines represent the linear regression in 
the short time region. The deviations of the data at t=0 from the 
linear extrapolations result from the fact that a finite time (ca. 7 
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order of magnitude larger than that at α = 2.26 × 104 G. Meanwhile, the true 
value of stationary shrinking is not attainable at α = 2.58 × 105 G, because the 
high centrifugal force yields such a large shrinking that the shift of the gel 
surface stops due to the presence of the bottom wall (located at r = 71.76 mm).  
 According to Equations (4.10) and (4.11), the modulus L and the friction 
coefficient f can be evaluated from the stationary shrinkage and the initial 
shrinking rate, respectively. For the calculations, r1 = 6.240 × 10−2 m and r2 = 
7.174 × 10−2 m for α = 2.26 × 104 G; r1 = 6.395 × 10−2 m and r2 = 7.176 × 10−2 
m for α = 2.57 × 105 G were used together with φ = 2.09 × 10−2 and ∆ρ = ρN − 
ρwater = 4.48 × 102 kg/m3. From Equation (4.11) and the linear regression for the 
data in the short time region at α = 2.26 × 104 and 2.58 × 105 G, f is estimated to 
be 1.04 × 1014 and 1.10 × 1014 Ns/m4, respectively. The data at different α yield 
almost the same value of f, indicating that the initial shrinking rate is 
proportional to α as expected from the theory. These f values are also close to f = 
1.5 × 1014 Ns/m4 obtained by a frictional measurement8 of the PAAm gel with 
the same concentrations of monomer and cross-linker as the PAAm gel in the 
present study. From Equation (4.11) with r∞ = 6.820 × 10−2 m at α = 2.26 × 104 
G, L is evaluated to be 1.64 × 104 Pa. These values of f and L yield D = 1.57 × 
10−10 m2/s.  
 Figure 4-8 displays the result of the curve fit based on Equation (4.12) to 
the whole time dependence of the data at α = 2.26 × 104 G. In the fitting, τL and 
L were used as adjustable parameters while other parameter values were the 
same as aforementioned values. The theoretical curve satisfactorily fits the data, 
although each of the initial shrinking rate and stationary shrinkage in the fitted 

















Figure 4-8 The comparison of the experimental data at α = 2.26 × 104 G with 
the best-fitted curve of Equation (4.12). The fitted values of τL 
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2.16 × 105 s and 1.50 × 104 Pa, respectively. These yield f = 9.17 × 1013 Ns/m4 
and D = 1.64 × 10−10 m2/s. Each value of L, f and D obtained in the curve fitting 
well accords with that evaluated from the stationary shrinkage and initial 
shrinking rate as mentioned above, respectively. 
 Thus the experimental data on the shrinking of the PAAm gel under 
ultracentrifugal fields are well explained by the theory proposed in this chapter. 
Further, the present work has demonstrated that the ultracentrifugal 




 Ultracentrifugal fields induces the shrinking of gels. In the short time 
region, the shrinking proceeds at a constant rate, while the shrinking reaches the 
stationary state in the long time limit. A theory is proposed to describe the 
diffusion process of networks in the presence of centrifugal fields. The theory 
demonstrates that the initial shrinking rate is dominated by the ratio of the 
frictional force and the centrifugal force; that the stationary shrinkage is 
determined by the balance between the elastic force and the centrifugal force; 
that the whole shrinking process substantially obeys a single exponential 
relaxation whose characteristic time is proportional to the ratio of the square of 
the stationary displacement and the diffusion constant of networks. The whole 
shrinking process of a polyacrylamide gel under ultracentrifugal fields observed 
is satisfactorily described by the theory. The analysis based on the theory 
enables us to evaluate the friction constant as well as the longitudinal elastic 
modulus of the network.
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Chapter 5 





 In Chapter 4, the shrinking behavior of the polyacrylamide gels under 
ultracentrifugal forces are investigated, and we successfully estimated the 
frictional coefficient between solvent and the networks on the basis of the model 
that we proposed. It is known that the frictional property of the polymer network 
contributes to solvent permeability though the gels. Control of the permeation of 
low molecular weight substances through a membrane is a key to the separation 
technique. Permeability as well as selectivity is strongly affected by the structure 
of membranes. To utilize a polymer gel as a membrane, studies on the frictional 
properties of the gel membranes becomes very important. However, there exist 
only a few studies1-4 on the frictional or solvent flow properties of the polymer 
gels. A limited number of the studies on the friction is mainly due to the 
difficulty of experiment; of course, no commercial apparatus is available for the 
measurements. Thus, it is meaningful that the measuring methods of the 
frictional properties of polymer gels are established. We have shown in Chapter 
4 that a ultracentrifuge is available to estimate the frictional coefficient of the 
“chemical” gels, i.e., polyacrylamide gels whose cross-links are formed by 
covalent bonds. To establish the new measuring method by using the 
ultracentrifuge, the frictional properties of various types of polymer gels must be 
—73— 
measured with the same method. In this chapter, we treat the Poly(vinyl alcohol) 
gals cross-linked by microcrystallites which are classified into “physical gels” 
The shrinking behavior of the physical gels under ultracentrifugal forces have 
not been investigated before. The frictional coefficient of PVA gels is estimated 
by an untracentifuge, and the data are analyzed in terms of the theory proposed 
in Chapter 4. In addition, the centrifugal acceleration dependence of shrinking 






 Poly(vinyl alcohol) (PVA) with the degree of polymerization of 1700 and 
the degree of saponification of 99.5 mol% was kindly supplied from Unitika, 
Japan. PVA was dissolved in a mixed solvent of water and dimethyl sulfoxide 
(DMSO) at 80 ○C for 1 h. The ratio of water to DMSO was 1:4 by weight. 
Polymer concentration was fixed to be 3.2 wt%. After the complete dissolution 
of PVA, the solution was transferred to the cell of the ultracentrifuge and was 
gelled inside the cell at -20 ○C for 24 h.  
 In analyzing the experimental data, the following values and methods 
were used. The density of PVA ρpva is 1.269 × 103 kgm-3.5 The density of the 
mixed solvent ρsol was measured at 25 ○C to give ρsol = 1.0943 × 103 kgm-3. The 
volume fraction of the polymer network φ was calculated by assuming additivity 
of volume for the polymer and the mixed solvent, leading to φ = 0.028. From 
another experiment the fraction of the soluble PVA, not incorporated into the 
—74— 
infinite network after gelation, in the system (the sol-fraction) was estimated to 
be 17 wt%. The relating high sol-fraction originates from the fact that the PVA 
concentration (3.2 wt%) is very close to the critical concentration for gelation. 
The gel with high concentration showed no finite displacement under the 
ultracentrifugal force owing to the large elastic modulus. 
 
5.2.2 Measurements 
 The shrinking behavior of the PVA gels were observed by the same 
ultracentrifuge shown in Chapter 4. The operations were carried out at various 
rotational speeds (3.00 × 104, 4.00 × 104, 4.80 × 104, 5.20 × 104, 5.60 × 104, and 
6.00 ×104 rpm) at 25 ○C. The cell used in this study was the same one as used in 
Chapter 4 so that the cross-sectional area of the samples is same. The length of 
the gels in the moving direction ranges from 8 to 9 mm.  
 
 
5.3 Results and Discussion 
 Figure 5-1 shows the Schlieren patterns of the PVA gel at the centrifugal 
acceleration α (= r1Ω 2 / g) of 2.53 × 105 G (6.00 × 104 rpm) where g represents 
the gravitational acceleration. At the shortest time (t = 8.40 × 102 s) only one 
vertical line is observed (Figure 5.1a). This corresponds to the overlapped line of 
the air-solvent and solvent-gel interfaces. On the patterns at t > 8.4 × 102 s 
(Figures. 5.1b ~ 5.1d) each of the air-solvent and the solvent-gel interfaces is 
clearly emerged as a divergence. The patterns inside the gel show no peak 
except for the region near the bottom, while a peak is observed on the patterns in 





















Figure 5-1 Schlieren patterns in the course of centrifugation at the angular 
velocity (Ω ) of 5.73 x 105 s-1. (a) at t = 8.40 × 102 s; (b) at t = 1.63 
× 104 s; (c) at t = 7.60 × 104 s; (d) at t = 1.63 × 105 s.  
cenrtifugal forces 
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bottom originates from the high condensation of the polymer network and the 
peak in the solvent region is due to the sedimentation of free PVA chains 
existing the solvent phase. The sedimentation of the free chains and infinite 
networks obey different equations of motion, although their densities are 
comparable. The analysis of the sedimentation of free chains excluded from the 
gel is beyond the scope of this study. At t = 1.63 × 104 s the solvent-gel interface 
moves slightly and becomes distinguished from the air-solvent interface. At t = 
7.60 × 104 s the solvent-gel interface moves further toward the bottom of the cell 
while the air-solvent interface remains at the initial position. The peak near the 
bottom appears to be larger, and the character is qualitatively reproduced on the 
calculated curves shown in Chapter 4 (Figure 4-5). At long times (for example, t 
= 1.63 × 105 s), the solvent-gel interface becomes close to the bottom. The 
moving interface reaches the stationary state.  
 Figure 5-2 shows the time dependence of the position of the solvent-gel 
interface for the same PVA gel in Figure 5-1. At short times (t < 7.8 × 103 s), the 
displacement appears to be a little small probably because the rotation speed did 
not reach the steady rotation speed. In the middle region of t (7.8 × 103 s < t < 
1.3 × 105 s), the interface moves toward the bottom of the cell and the change in 
position is in proportion to time. In the late stage, the displacement becomes 
small with increasing time and finally the position of interface levels off to show 
a constant value (r ≅ 70 mm). The position at the cell bottom corresponds to r of 
71.73 mm. This is very close to the saturated value of r (ca. 70 mm) observed 
from the experiment, suggesting that the gel sample becomes rather dense due to 
a stronger centrifugal force. From a simple calculation we found that the volume 
















Figure 5-2 Time (t) dependence of the position at the solvent-gel interface (r) 
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the initial volume; still, the polymer concentration remains around 32 wt% since 
the concentration becomes 10 times higher than the initial one (3.2 wt%). The 
sample can be regarded as a polymer gel even in the collapsed state, ensuring 
that the estimation of the characteristic time is meaningful. The longest 
characteristic time in the course of compression (τ) was obtained as 1.4 × 104 s.  
 As shown in Chapter 4, the motion of the solvent-gel interface can be 
described in terms of u(r1, t). In the initial stage of the centrifugation (t «τL), u(r1, 
t) is approximated by a linear term of t and is written as 






ρφ∆≅             (5.1a) 
If the shrinking velocity ν is used, 








ρφ∆≅≡           (5.2b) 
 The plots of r vs. t for the PVA gels are shown in Figure 5-3. The figure 
contains several groups of data differing in Ω, but other parameters are almost 
the same for all runs (or samples). In the region of t shown in the figure, each set 
of the data falls on a line. The slope of the line appear to increase with 
increasing Ω. As stated previously, the slope is theoretically given by Equation 
(4.11): The slope becomes equal to φ∆ρr1Ω 2 / f. Figure 5-4 shows the 
double-logarithmic plots of v against Ω for the PVA gels. The line in the figure 
has the slope of 2 and the data points appear to be well represented by the line, 
suggesting that the relation v ∝ Ω 2 expected by the theory holds. In Figure 5-5 v 
is plotted against α. The velocity ν is proportional to α. This linear relation 
allows us to estimate an average value of f from the slope of the line, φ∆ρg / f. 
The value lies about 3.5 × 1014 Nsm-4. This value of the friction coefficient was 
















Figure 5-3 Time (t) dependence of the position at the solvent-gel interface (r) 
for a PVA gel at the various angular velocities (Ω ). (a) 2.86 × 105 
s-1, (b) 3.82 × 105 s-1, (c) 4.58 × 105 s-1, (d) 4.97 × 105 s-1, (e) 5.35 × 
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Figure 5-4 Double-logarithmic plots of the velocity (v) against angular 
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Figure 5-5 Plots of the velocity (v) against centrifugal acceleration (α) for PVA 















 The compressive behavior of the PVA gels under ultracentrifugal forces 
was investigated and the profiles of the concentration gradient of the gels 
obtained by experiment were compared with the theoretical prediction. When 
the centrifugal force is applied to the gel, the concentration gradient near the 
bottom of the cell increases sharply whereas the gradient remains almost 
constant in the region far from the bottom. Further application of the centrifugal 
forces enhances the peak near the bottom. These are well explained by the 
theory. The Ω-dependence of the position at the solvent-gel interface measured 
shows that the velocity of the interface is proportional to Ω 2, as is predicted by 
the theory. The frictional coefficient f of the PVA gels is estimated to be 3.5 × 
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6.1  Introduction 
 As stated in Chapter 1, the degree of swelling of the polymer gels have 
been experimentally and theoretically investigated. The degree of swelling (Θ) 
is one of the important parameters of the gels, because Θ  affects their moduli.1-3 
Generally, Θ  of polymer gels is governed by various parameters such as solvent 
quality and temperature.4-10 When a mixed solvent is used as a swelling solvent, 
Θ  is expected to depend on the solvent composition. Swelling behavior of the 
gels in mixed solvents have been examined both by theory and experiment.4,5,9-12 
In the studies employing mixed solvents, the swelling characteristics of polymer 
gels are described in terms of the solvent composition of the surrounding solvent 
because the composition is easy to control and thus becomes a good variable. 
However, the composition of the solvent inside gels has been undetermined 
although the importance of the determination is widely understood. This is 
chiefly because there are few methods conveniently applicable to the detection. 
In this chapter, we propose the determination method of the solvent composition 
inside the polymer gels.  
 In Chapters 4 and 5, the frictional coefficient between solvent and the 
polymer network f is mentioned, and it is well known that f governs the solvent 
flow through the gel. In the previous study,13 the flow properties of a solvent 
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through poly(vinyl alcohol) hydrogels membranes were investigated, and the 
results indicates that the flow rate is closely related to the increase of Θ. 
Although some studies concerning the permeation properties of solvents through 
gels have been reported,14-17 few studies on the permeation properties of mixed 
solvents through highly swollen polymer gel membranes have been reported. In 
this chapter, we employ a combination of a poly(N-isopropylacrylamide) 
(PNIPA) gel and water (W) / N,N-dimethylformamide (DMF) binary mixture 
and investigate the frictional properties. Among the good solvents for PNIPA we 
chose these solvents because they are almost the same in density but have a 
large difference in the refractive index through which the solvent composition is 
determinable. The dependence of Θ  on the solvent composition is also 
examined for the PNIPA gels. In the next section, a simple model to describe the 
swelling and solvent flow properties of polymer gels is presented. The solvent 
composition inside the gels is estimated on the basis of the model.  
 
6.2 Model 
 Consider a flow of a mixed solvent through an isotropic and highly 
swollen polymer gel membrane. As shown in Figure 6-1, the situation is that an 
upstream side of the gel membrane is in contact with a binary solvent, a mixture 
of the miscible solvent 1 and solvent 2, under a hydrostatic pressure (p) and the 
penetrant from the downstream side is immediately restored．The membrane is 
assumed to be freely swellable; hence, the swelling ratio of the membrane 
depends on p as well as the solvent composition. The usual definition of the 















Figure 6-1 The schematic representation of the permeation through the gel 
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ϕα         (6.1) 
where ϕi,in and ϕi,out are the volume fraction of the solvent i (i=1, 2) in the 
upstream and the downstream solvent phases, respectively. Of course, we have 
the relations thatϕ1,in + ϕ2,in = 1 and ϕ1,out + ϕ2,out =1.  
 
6.2.1 Solvent Composition inside Gel Membranes in the Steady State 
 When the steady flow is achieved, the (equilibrium) thermodynamics 
must be applied to the solvent partition between the solvent and gel phases at the 
upstream interface. In case that p is not so high, the effects of p on the 
thermodynamic quantities can be neglected. A simple calculation under these 
assumptions leads to the equilibrium swelling ratio of the gel membrane and the 
solvent composition inside the gel. Let φ0, φ1 and φ2 be the volume fractions of 
the polymer network, solvent 1 and solvent 2, respectively. These fractions are 
related to one another by  
 φ0 + φ1 + φ2 = 1       (6.2)  
and then the degree of swelling Θ  is given by Θ  = 1 / φ0. The mixing free 
energy (∆G) based on a lattice model is given by18 
 ( )( ) 2302112200210012102211 2
3lnln −+++++++=∆ νφφφχφφχφφχφφ NNNNN
kT
G  (6.3) 
where k is the Boltzmann constant and T is the temperature, Ni (i = 1, 2) being 
the number of molecules of the solvent i. The quantity N0 is the total number of 
polymer segments and ν is the number of active chains in the network, so that 
N0/ν (≡ n) gives the average number of polymer segments between crosslinks. 
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The quantity χ0i (i=1, 2) is the interaction parameter between the network and 
solvent i, and χ12 is the interaction parameter between solvents 1 and 2. The 
chemical potential change by mixing for the solvents 1 and 2 (∆µ1 and ∆µ2, 
respectively) are written by 
 ( ) ( ) 310202122002200012111 11ln φφφφχφφχφφφχφφφµ nkT +++−++−−+=
∆       (6.4a) 
 ( ) ( ) 310101121000210012122 11ln φφφφχφφφχφφχφφφµ nkT +++++−−−+=
∆       (6.4b) 
 At equilibrium in contact with the outside solvent, the chemical 
potentials must satisfy the conditions: ∆µ1/kT = lnϕ1,in + χ12ϕ2,in2 and ∆µ2/kT = 
lnϕ2,in + χ12ϕ1,in2. Accordingly, we have the following equations as equilibrium 
conditions: 
( ) ( ) 2,in2121,in31020212200220001211 ln11ln ϕχϕφφφφχφφχφφφχφφφ +=+++−++−−+ n  (6.5a) 
( ) ( ) 2,in1122,in31010112100021001212 ln11ln ϕχϕφφφφχφφφχφφχφφφ +=+++++−−−+ n      (6.5b) 
Equations (6.2) and (6.5) determine the volume fractions of the polymer and 
solvents inside the membrane in the steady state. For simplicity, we write a set 
of solutions formally as (φ0, φ1, φ2). For the further calculation, however, it is 
more convenient to transform the solution set in another form: 
 φφ =0               (6.6a) 
 ( ) 11 1 ϕφφ −=             (6.6b) 
 ( ) 22 1 ϕφφ −=             (6.6c) 
where ϕi (i = 1, 2) is the volume fraction of the solvent i in the mixed solvent; 
hence, ϕ1+ϕ2=1. The variables φ, ϕ1 and ϕ2 are functions of ϕ1,in and ϕ2,in. The 
network fraction φ in the gel membrane can be written by Equation (6.5) as  
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Kϕϕχϕϕχϕϕχχχφ  (6.7) 
where, Ki (i=1, 2) defined by the equation below corresponds to the partition 





ϕ=K         (6.8) 
 
6.2.2 Solvent Flow inside the Membrane 
 In this section, we consider a one-dimensional flow of the binary solvent 
inside a highly swollen (φ << 1) polymer gel. Let the positions of upstream and 
downstream interfaces be x=0 and x=d, respectively. According to the two-fluid 
model, the volume-averaged solvent velocity v at position x (0≤x≤d) and time t 
is given by 
 ( ) ( ) ( ) ( ) ( )txvtxtxvtxtxv ,,,,, 2211 ϕϕ +=          (6.9) 
where ϕi(x, t) and vi(x, t) (i=1, 2) are the local volume fraction and the local 
solvent velocity of the species i, respectively. Darcy’s law for each solvent flow 
can be written by 
 ( ) ( ) ( ) ( )[ ]txptx
x
txvtxf ,,,, iiii ϕϕ ∂
∂=−          (6.10) 
with fi (i=1, 2) being the frictional coefficient for the solvent i and the p(x, t) 
being the applied pressure. Because the gel membrane is swellable, the solvent 
mass conservation leads to the following relations. 




,,, iii ϕε ∂
∂=∂
∂−           (6.11) 
In the above equation, εi is the elongational strain originating from the swelling 
by the solvent i and the total strain ε is given by ε(x, t)=ε1(x, t)+ε2(x, t). It is 
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noted that the elongational strains directly correspond to the volume changes 
because the flow we consider here is one-dimensional. The strains, εi (i= 1, 2) is 
related to the applied pressure p(x, t) and the volume fraction as  





ϕε            (6.12) 
This corresponds to the linear constitutive equation for the gel membrane. The 
constants Kos and G are the osmotic bulk modulus and the shear modulus, 
respectively. From Equations (6.10)-(6.12) we have diffusion-type equation for i 
=1, 2. 








∂         (6.13) 







GKD +=           (6.14) 
 The steady solutions for a set of Equation (6.13) under the boundary 
conditions, p(x=0)=p0, p(x=d)=0 and ϕ1(x=0)=ϕ1, are given as follows. 




xpxp 10           (6.15a) 
 ( ) constx == 11 ϕϕ           (6.15b) 
 ( ) constx =−= 12 1 ϕϕ           (6.15c) 
These leads to the steady flow rate (Qi) (i=1, 2) per unit interface area at x=d as 














        (6.16) 
The reciprocal of fi can also be called the permeability for the solvent i. The ratio 
ϕ1,out/ϕ2,out becomes identical to Q1(d)/Q2(d). Generally, the separation 
coefficient α cannot be expressed by a simple form. However, if χ12 = 0 then we 
have from Equations (6.1) and (6.7) 
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f          (6.17) 
 
6.3  Experimental 
6.3.1 Materials 
Poly(N-isopropylacrylamide) (PNIPA) hydorogel membranes were 
prepared by radical copolymerization of NIPA and BIS by the same way as 
Chapters 2 and 3. The total monomer concentration of NIPA and BIS was fixed 
to 10wt%, the molar ratio [NIPA] / [BIS], a measure of the crosslink density, 
was settled to be 100. The pregel solutions were cast on a glass plate, and the 
gelation was performed between sandwiched glass plates with a spacer for 24 
hours at 5 ○C. The concentrations of AP and TEMED were 0.8 g/l and 2.4 ml/l, 
respectively. The gel membranes were removed from the glass plates and were 
poured into distilled water to eliminate unreacted reagents. The surrounding 
water was exchanged for several times until the gel membranes reach to 
swelling equilibrium. The thickness of the gel membranes in equilibrium was ca. 
500 µm. For swelling experiments, cylindrical gels were prepared by using the 
same pregel solutions. The gelation was performed in a glass capillary with an 
inner diameter of 3.32 mm. The obtained cylindrical gels were immersed into 
distilled water to wash out the unreacted regents.  
 
6.3.2 Swelling Measurements 
The swelling experiments were made at atmospheric pressure. The 
degree of swelling of the PNIPA gels (Θ) at 20 oC was calculated by the ratio of 
volume of the swollen gel (V) to that of the dried gel (the polymer network) 
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(Vdry). The volume of dried gel was calculated by the volume (Vgel) and weight 
(Wgel) of a swollen gel by water and the weight of the dried gel (Wdry) by 







−−=−=          (6.18) 
where Vwater and ρwater stand for the volume of water inside the gel and the 
density of water, respectively. The specific gravity of the polymer network 
(Wdry/Vdry) was determined to be 1.15 at 20 oC. Since Θ for the gels in the mixed 





















VΘ            (6.19) 
with d0 and d respectively being the diameter of the gels in water and in the 
mixed solvent, we calculated Θ by using Vw/Vdry of 20.4.  
 
6.3.3 Permeation Measurements 
Mixtures of water (W) and N,N-dimethylformamide (DMF) with five 
different compositions,  ϕDMF, in = 0, 0.25, 0.50, 0.75 and 1.00, were used as 
solvents for the permeation measurements. Both solvents are good for PNIPA 
and have a larger difference in the refractive index. Prior to the measurements 
the gel membranes were equilibrium-swelled in mixed solvents. Figure 6-2 
shows schematic representation of an apparatus used for the permeation 
measurements. The membranes were sandwiched by two silicone rubber/Teflon 
mesh composite sheets. A spacer made of the same silicone rubber was also used 




































Silicone rubber/Teflon mesh 
 composite sheet 
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with inlets and the plates were settled by screws. The upper inlet of the 
apparatus connected to a solvent reservoir tank with a pump. The tank was filled 
with a large amount of solvent. All measurements were carried out at 20 ○C. The 
values of the applied pressure were monitored by a digital pressure gauge. The 
pressure was applied by introducing the compressed air to the solvent reservoir. 
The value p0 stands for the applied pressure, and is identical to the pressure loss 
in the gel because the pressure loss in the connection tube was negligibly small 
(a simple calculation gives the pressure loss of the order of 10-5 Pa for the 
typical setup). 
Two types of setup were employed for the bottom part of the aluminum 
plate. For the solvent composition determination, no tube was connected to the 
inlet. The solvent composition for the flowed-out solvent was determined by the 
refractive index of the solvent. The refractive index (n) for the mixed solvents 
differing in composition was measured in advance by an Abbe refractmeter 
(NAR-1T, Atago, Japan). The result, a curve relating n to the DMF fraction 
(ϕDMF), is shown in Figure 6-3. This calibration curve was employed to 
determine ϕDMF of the permeated solvents. The effect of the solvent evaporation 
was ignored because the time required for the measurements was not so long. 
For the flow rate measurements, the inlet on the bottom side plate was connected 
to a pipette with reading. The integrated flow rate of the permeated solvent was 
obtained by the change in readings for the solvent.  
 
6.4 Results and Discussion 
Figure 6-4 shows Θ for the PNIPA gels in the mixed solvents as a 



















Figure 6-3 Refractive index (n) as a function of the volume fraction of DMF 



















































Figure 6-4 Composition dependence of the degree of swelling (Θ) of PNIPA 
gels in mixed solvents of water and DMF. The figure contains the 
data of the inverse of the friction coefficient (f). 
 
 
● :  Θ 
○ : 1 / f  ( p0 = 50 
—97— 
water (ϕ’DMF = 0) is highly swollen (Θ ≈ 20) and Θ  decreases with increasing 
ϕ’DMF in the region of ϕ’DMF < 0.6. The minimum (Θ ≈ 3) occurs at ϕ’DMF ≈ 0.6 
and then Θ  increases again with increasing ϕ’DMF. Comparing Θ  in water and 
DMF, Θ  for water is a little larger than that for DMF, but the difference in Θ  is 
not so large; namely, DMF as well as water appears to be a good solvent for 
PNIPA. As stated in Section 6.2.1, the model presented here does not ignore the 
enthalpic interaction between two kinds of solvents. However, the unique 
behavior on the Θ vs ϕ’DMF curve, a cononsolvency phenomenon,19 cannot be 
explained by this model. To describe the cononsolvency phenomenon the 
composition dependence must be introduced to the interaction parameters.  
Figure 6-5 shows the compositions of the downstream solvents (ϕDMF, out), 
the solvents flowed out through the PNIPA gel membranes, plotted against the 
compositions of the upstream solvents (ϕDMF, in) at p0 = 50 kPa. In the figure a 
line with a slope of 1 is drawn for reference. The data points fall on the line, 
indicating that the compositions of the downstream and upstream solvents are 
almost the same. As stated previously in Figure 6-4, Θ of the gel membranes 
became rather small in the middle ϕDMF, in region. Due to the small values of Θ 
the performance for the solvent separation was expected to increase in this 
region, but the performance remains almost constant, independently of ϕDMF, in. 
From the figure it is expected that the composition inside the gel membrane is 
identical to the composition of downstream (also upstream) solvent. In Figure 
6-6 the separation coefficient (α) calculated by Equation (6.1) is plotted against 
ϕDMF, in. Actually, α lies around 1. From these results, thus, in the flow rate 
measurements we need not take into account the back-flow from the 































Figure 6-5 Composition of the downstream solvent as a function of 
composition of the upstream solvent. The measurements were 
examined thrice at each composition of the mixed solvent, and all 
the results are shown although the plots are overlapped at the 
same composition. A line with slope of 1 is drawn for reference.  
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Figure 6-6 Composition dependence of the separation coefficient (α). Three 







of the same compositions in the upstream and downstream solvents.  
Figure 6-7 shows the integrated solvent flow rate over t (F) through the 
gel membranes for the upstream solvents at various DMF compositions plotted 
against time t. At t = 0 a pressure is applied to the solvent reservoir tank. 
Although the data points are a little scattered (especially, curves in Figure 6-7a), 
F monotonically increases with t. The slope of the curves decreases with t and 
then reaches a steady value at long times. The constant slope is attained at ~500 
s for the gels swollen by water and at ~5,000 s for the collapsed gel with ϕDMF = 
0.5. The decrease of the slope, equivalent to the decrease in the flow rate, results 
from the re-swelling of the gel membrane by flow.13 Actually, the equilibration 
time τ calculated by τ = d2/ D for re-swelling is not so far from the experimental 
one for the gels in the collapsed as well as swollen state (τ = ~103 s for both 
states), if we calculate the diffusion constant by using the Young’s modulus of 
105 Pa (for the gels in the collapsed state) and 104 Pa (for the gels in the swollen 
state).2, 20 In the cases of pure water (ϕDMF, in = 0: ϕDMF, in; the DMF fraction in 
the upstream solvent) and pure DMF (ϕDMF, in = 1), the effects of pressure on F 
was investigated (Figures 6-7a and 6-7c). An increase of the applied pressure 
enhances the flow rate for both solvents. This agrees with the model prediction 
in Equation (6.16): Q is proportional to p0. In order to compare the steady flow 
rate Q at various solvent compositions, it is convenient to introduce the total 
frictional coefficient f in the steady state. 
 
Qd
pf 0≡            (6.20) 
where d and P0 represent the thickness and the applied pressure, respectively. 


























































Figure 6-7 Integrated flow rate over time as a function of time in water (A), 
in mixed solvents of water and DMF at ϕDMF = 0.5 (B) and in 
DMF (C).  
p0 = 50 kPa 
ϕDNF, in = 0 (in water) 
ϕDNF, in = 0.5 

















swelling at each composition, and the upstream and downstream composition 
was eventually the same. The thickness of the sample was calculated by the 
value of d for pure water and the degree of swelling at each composition. Figure 
4 also contains the values of 1/f at p0 = 50 kPa. The shape of the 1/f curve is 
quite similar to that of the Θ curve. Comparing the values of 1/f at ϕDMF, in = 0 
and ϕDMF, in =1, 1/f at ϕDMF, in = 0 is slightly larger than that at ϕDMF, in = 1, 
meaning that f at ϕDMF, in = 0 (fW) is smaller than that at ϕDMF, in = 1 (fDMF). The 
friction coefficient f is considered to be proportional to the solvent viscosity η. 
The viscosities of DMF and water at 20 oC are reported to be 0.9243 mPas and 
1.0019 mPas, respectively.21 This leads to the opposed relation for the 
experiments, probably resulting from the difference in Θ for the two solvents. 
According to the two-fluid model shown in Section 6.2.2., where the polymer 
concentration is implicitly assumed to be constant, f is given from Equation 
(6.16) by using the DMF composition inside the gel (ϕDMF) as 1/f = (ϕDMF / fDMF) 
+ (1 − ϕDMF) / fW. This suggests a monotonic function of ϕDMF for 1/f when the 
comparison is made under a constant polymer concentration. The shape of the 
1/f curve in Figure 6-3, however, is not monotonic. This permeation behavior 
cannot be explained by the two-fluid model. Of course, the controlled variable in 
the figure is not ϕDMF but ϕDMF,in, but they are expected to be almost the same, as 
described before. The large friction coefficients in the middle range of ϕDMF,in 
originate mainly from the shrinkage of the gel membranes; namely, the decrease 
in the mesh size of the polymer networks.  
 The solvent composition inside the PNIPA gels cannot be obtained 
directly by experiments. However, we can estimate the solvent composition 
inside gels if Equation (6.16) is valid. In this case, the following equations can 
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         (6.21a) 
 1outDMF,outW,DMFW =+=+ ϕϕϕϕ         (6.21b) 
The calculated values of the DMF fraction inside the gels ϕDMF are illustrated in 
Figure 6-8. A solid line in the figure has a slope of 1. The data points again fall 
around the line, indicating that the volume fraction of DMF inside the gels is 
almost the same as that of the upstream solvent, as in the case of Fig. 6-5. Based 
on the results in Fig. 6-8, it is also suggested that the surrounding and inside 
solvents have the same composition for the PNIPA gels for the water/DMF 





We investigated the flow properties of mixed solvents of water and DMF 
through PNIPA gel membranes. The swelling behavior of the gels in the mixed 
solvents was also examined. A simple model to explain the swelling and solvent 
flow properties for a polymer gel/mixed solvent system was presented. The 
composition dependence of the degree of swelling (Θ) of the PNIPA gels in the 
mixed solvents was not linear and showed a minimum at about ϕ’DMF of 0.6. 
Pressure gradient acting between two solvent-gel interfaces allowed the 
permeation of the mixed solvents through the gel membranes. Little change in 




















Figure 6-8 Composition of the solvent inside gels as a function of 
composition of the upstream solvent. Since this calculation results 
were obtained from the results of Figure 6-4, three points are 
plotted at each composition of the mixed solvent. A line in the 












p0 = 50 kPa 
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compositions where the Θ vs composition curve showed a minimum. The 
integrated flow rate over t (F) monotonously increased with increasing t. The 
slope of F vs t curves decreased with time and then becomes constant at long 
times. The inverse of the frictional coefficients for the steady flow plotted 
against solvent composition is quite similar in shape to the Θ curve. This reveals 
that the degree of the swelling greatly affects the flow rate of the solvents in the 
gels. The calculation on the basis of the model also suggests that the 
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 In Chapter 1, the historical background and the motivation of this 
study were described. The thermodynamics and kinetics of swelling and 
shrinking of polymer gels were reviewed. The effects of the external forces 
on the swelling and shrinking behavior were also stated. The problems that 
to be solved were pointed out. 
 In Chapter 2, the effects of static and dynamic loading on the 
swelling properties of poly(N-isopropylacrylamide) (PNIPA) hydrogels in 
the swollen state were investigated by using a laboratory-made magnetic 
force-driven rheometer. In the static measurements, the gel under a constant 
stress underwent the stress-induced swelling, and the Poisson ratio 
decreased with time. In the dynamic measurements using sinusoidally 
oscillating forces, the swelling behavior of the gels in water depended on 
the measuring frequency (ω) while that in liquid paraffin (non-solvent for 
PNIPA) was independent of ω like elastic rubbers. The dynamic Poisson 
ratio significantly depended on ω due to the stress-induced swelling with a 
characteristic time. The dynamic Poisson ratio at ω → ∞ (short time limit) 
or ω → 0 (long time limit) agreed well with the corresponding Poisson’s 
ratio obtained by the static tests. The phase lags of strain seeing from the 
stress showed a peak at a certain angular frequency. The inverse of the 
frequency was identical with the characteristic time of stress-induced 
swelling observed in the static tests.  
 In Chapter 3, the static and dynamic swelling behavior of the 
—109—
PNIPA hydrogels in the collapsed state was investigated by using the same 
apparatus as Chapter 2. In the static tests, the applied stress caused the 
creep behavior of the gel in water, namely the length and the diameter of 
the gels gradually increased and decreased with time, respectively. When 
the stress was released, the gel recovered the original state before 
deformation. The creep and creep recovery behavior originated from the 
destruction and generation of the hydrogen bonds in the deformed gel. 
Under constant strains, a small but definite stress-induced swelling was 
observed. The deformation of the PNIPA gel in the collapsed state was 
mainly governed by the creep behavior while that in the swollen state was 
dominated by the stress-induced swelling after instantaneous deformation. 
In the dynamic measurements, the amplitude of the displacement in length 
decreased and the phase lag increased as angular frequency increases. The 
retardation spectrum could be expressed by the multi-type retardation 
function with almost identical intensities. The static data was reproduced 
by the conversion of the dynamic data.  
 In Chapter 4, the shrinking behavior of polyacrylamide (PAAm) 
gels induced by ultracentrifugal field were investigated. A theory was 
proposed to describe the diffusion process of networks in the presence of 
centrifugal fields. The theory predicts that the initial shrinking rate is 
governed by the ratio of the frictional force and the centrifugal force and 
that the stationary shrinkage is determined by the balance between the 
elastic force and the centrifugal force. The whole shrinking process in the 
experiments was described by a single exponential relaxation whose 
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characteristic time is proportional to the ratio of the square of the stationary 
displacement and the diffusion constant of networks, in agreement with the 
theoretical expectation. In the initial region, the gel was shrunken at a 
constant rate, while the shrinking reached the stationary state in the long 
time limit. On the basis of the theory, the friction constant as well as the 
longitudinal elastic modulus of the network were successfully estimated.  
 In Chapter 5, the shrinking behavior of the poly(vinyl alcohol) 
(PVA) physical gels under ultracentrifugal forces was investigated by the 
same method in Chapter 4. The shrinking process of PVA physical gels 
were qualitatively similar to that of PAAm chemical gels: The shrinking 
velocity was constant at the initial stage and the shrinkage reaches the 
stationary state in the long time limit. The change of the polymer network 
density in course of the shrinking qualitatively agreed with the theoretical 
prediction. The shrinking velocity v was proportional to the square of the 
rotational speed ω (v ∝ ω2), in accordance with the theoretical expextation. 
The frictional coefficient f of the PVA gels was estimated on the basis of 
the theory. The results in Chapters 4 and 5 suggested that a ultracentrifuge 
is useful for the measurement of the frictional coefficient of polymer gels.  
 In Chapter 6, the flow properties of mixed solvents of water and 
N,N-dimethylformamide (DMF) through PNIPA gel membranes were 
investigated. The swelling ratio of the gels in the mixed solvents was also 
examined. A simple model to describe the swelling and solvent flow 
properties for a polymer gel/mixed solvent system was presented. The 
degree of swelling (Θ) was dependent on the solvent composition and 
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showed a minimum at about DMF volume fraction of 0.6. The pressure 
gradient acting on the gel membrane caused the permeation of the mixed 
solvents through the gel. The composition of the permeation solvent that 
flowed out through the gel membrane was almost the same as that of the 
upstream solvent. The integrated flow rate over t (F) monotonously 
increased with time. The slope of F vs t curves decreased with time and 
then became constant at long times. The degree of the swelling greatly 
affected the flow rate of the solvents. The composition inside the gel was 
calculated from the proposed model, and the composition was estimated to 
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